This editorial refers to 'Electrical coupling between ventricular myocytes and myofibroblasts in the infarcted mouse heart' by M. Rubart et al., pp. 389-400.
Role and mechanisms of arrhythmia promotion by cardiac fibrosis
Cardiac fibrosis has been shown to play an important role in the occurrence of both VTs 4 and AF. 5 Fibrosis is known to interfere with cardiac bioelectricity in a number of potential ways ( Figure 1) . Replacement (or reparative) fibrosis occurs in response to cardiomyocyte cell death and replaces dead cardiomyocytes by scar tissue. This occurs in settings of significant cardiomyocyte loss, including after a myocardial infarction, 4 in the ventricles of patients with long-standing heart failure, 4 and in the atria in association with a wide variety of cardiac diseases and risk factors. 2, 5 The resulting collagen scar physically separates cardiomyocytes in muscle bundles, 6 producing conduction blocks and slowing ( Figure 1A) that enhance the likelihood of re-entrant excitation. In addition, profibrotic conditions cause fibroblast proliferation and differentiation to larger and more structurally complex myofibroblasts. 7 There is evidence that fibroblasts, and more so myofibroblasts, can form electrical connections with cardiomyocytes. 5, 7 Fibroblasts possess ion-channels and have a typical resting potential of about -30 mV, although they do not have an active Phase-0 current or generate action potentials (APs). 5 When coupled to cardiomyocytes, fibroblasts interact electrically ( Figure 1B) , depolarizing cardiomyocytes when the cardiomyocyte transmembrane potential (TMP) is negative to the fibroblast resting potential (e.g. during Phase 4) and repolarizing cardiomyocytes when the cardiomyocyte TMP is positive to the fibroblast resting potential (e.g. during the AP peak and plateau). The consequences of these changes are summarized in Figure 1C . Replacement fibrosis causes conduction blocks that can initiate local reentry and force the impulse into slow and circuitous conduction pathways that favour the maintenance of re-entry. 6, 8 When a sufficiently large number of myofibroblasts are coupled to cardiomyocytes, several arrhythmogenic mechanisms can result. Depolarization induced by current drawn from cardiomyocytes during Phase-4 causes spontaneous activity, 9 while conduction-slowing and repolarization-abbreviation promote re-entry. 10 2. Requirements for arrhythmiapromotion by fibroblastcardiomyocyte coupling and experimental challenges
The ability of replacement fibrosis to promote arrhythmogenesis by acting as a physical barrier to conduction is well-documented. 4, 6, 8 The most convincing evidence of arrhythmogenesis caused by myofibroblast-cardiomyocyte coupling has been in heterocellular fibroblast/cardiomyocyte co-cultures. 9, 10 The biological requirements for such interactions have been well-established in biophysical models. 11 Critical determinants include the number of fibroblasts coupled to each cardiomyocyte and the extent of cardiomyocyte-fibroblast coupling. 11 Both fibroblasts and myofibroblasts are small cells with sparse cytoplasm, making precise visualization of their structures and interactions with cardiomyocytes difficult. Histological studies have had great difficulty identifying structures, like connexins and nanotubes, that could mediate functional communication between fibroblasts/myofibroblasts and cardiomyocytes. 
Novel technical approaches provide powerful new insights
Advances in cell-type specific transgenic (Tg) expression of reportergenes have opened up new avenues for the assessment of cardiomyocyte-fibroblast electrical connection. Quinn et al. 13 expressed a voltage-sensitive dye (VSPF2.3) in Tg mice under the control of cardiomyocyte-(myosin heavy-chain, MHC) or non-cardiomyocyte-(Wilm's tumour suppressor-1) specific promoters to record APs from either cell-type. With this technology, they were able to demonstrate cardiomyocyte-like APs from non-cardiomyocyte cells at the border of healed cryoinjury-lesions, providing strong evidence for heterocellular coupling. Furthermore, they identified tunnelling nanotubes as a potential structural basis.
In the present issue of Cardiovascular Research, Rubart et al. take this technology further and provide compelling direct evidence for electrical interactions between cardiomyocytes and myofibroblasts in the periinfarction border zone.
14 Their experimental approach is illustrated in Figure 2 . They created 2 cell-type specific Tg mouse-lines, one with enhanced green-fluorescent protein (EGFP) under the control of the cardiomyocyte-specific a-MHC promoter and the other expressing the Rosa-ZsGreen reporter under the control of the myofibroblast-specific periostin (Postn) promoter. They then induced anterior-wall myocardial infarctions by coronary-artery occlusion in each line and recorded cellular electrical activity in Langendorff-perfused hearts with the voltage-sensitive dye ANINE6 7-10 days post-infarction. Two-photon laser-scanning microscopy was used to simultaneously record electrical activity from cardiomyocyte and non-cardiomyocyte cells in the infarct acting as a physical conduction barrier between cardiomyocytes, causing conduction block and forcing conduction to take circuitous, slower routes.
(B) Electrical connections between fibroblasts (FBs) and cardiomyocytes (CMs), e.g. mediated by connexin channels or nanotubes, allow current to pass whenever their TMP differs. Positive ions travel from FBs to cardiomyocytes whenever CM TMP is negative to that of FBs (e.g. depolarizing CMs during phase 4) and from CMs to FBs when CM TMP is positive to that of FBs (e.g. reducing the AP overshoot and abbreviating the early AP-plateau). (C) The arrhythmic consequences of fibrosis. Fibrotic tissue that acts as a barrier to conduction promotes re-entry by causing unidirectional conduction block and forcing conduction to travel transversely through more circuitous routes. FB-CM coupling can favour re-entry by acting as an electrotonic load that slows conduction and by abbreviating AP-duration. In addition, FBs can produce spontaneous arrhythmic activity in coupled CMs via depolarization-induced automaticity. Figure 2A) . In Postn-Rosa-ZSGreen hearts, they recorded virtually identical slow/ small-amplitude activity from myofibroblasts simultaneous to brisk APs in cardiomyocytes identified by ANINE6-staining of transverse-tubules ( Figure 2B ). In addition, they analyse connexin43 interconnections at cardiomyocyte-myofibroblast connections histochemically, estimating them to be expressed at 5% of the level in cardiomyocyteintercalated-disc regions. These results establish unequivocally for the first time that borderzone fibroblasts show coupled electrical activity with cardiomyocytes. Second, they show this in a clinically-relevant myocardial infarction model. Thirdly, they provide new insights into the kinetics and amplitudes of these responses. Finally, they provide a putative structural basis in terms of cardiomyocyte-fibroblast connexin43 junctions.
Potential significance, limitations and unanswered questions
Understanding the mechanisms by which fibrosis affects cardiac electrical function is very important. Fibrosis is an important contributor to arrhythmogenesis and new mechanistic insights are needed to devise innovative and more effective therapeutic approaches. If myofibroblastcardiomyocyte electrical coupling is important in arrhythmogenesis, then targeting of fibroblast electrical properties (such as fibroblast ionchannels and fibroblast-cardiomyocyte connections) may be a viable antiarrhythmic strategy. Fibroblast ion-channel expression is altered by cardiac disease, and these alterations may contribute to arrhythmogenesis if there is significant fibroblast-to-cardiomyocyte coupling. 15 Some limitations of the Rubart study need to be appreciated. First and foremost, both the Rubart study 14 and that by Quinn et al. 13 suggest that fibroblasts adjacent to a myocardial scar are coupled to cardiomyocytes, . Two-photon scanning confocal laser microscopy was used to record optical APs emitted by the voltage-dependent dye ANINE6-plus from adjacent cells. Reporter dyes expressed in Tg mice under the control of cell-type specific promoters were used to allow the identification of adjacent CM and non-CM cells in the border zone of 7-to 10-day-old myocardial infarctions. Two sets of Tg mice were studied: (A) a-MHC/ EGFP Tg-mice, in which CMs were identified by green fluorescence and (B) periostin (Postn)/ Rosa-ZsGreen expressing mice, in which myofibroblasts (MFBs) fluoresced and adjacent CMs could be identified by ANINE6-plus staining of transverse (T)-tubules. In both sets of experiments, CMs recorded typical brisk APs, whereas MFBs showed simultaneous voltage-deflections (indicated by changes in fluorescence, F) that were slower in kinetics and much smaller in amplitude. but neither indicates precisely how much or how they are coupled. Significant effects on cardiac arrhythmogenesis require substantial numbers of fibroblasts connected to cardiomyocytes with an important degree of connectivity. 7, 11 Whether or not biological coupling is sufficient to contribute to arrhythmogenesis remains unresolved. In addition, significant cell-to-cell communication is not the only way for adjacent cells to affect each other's bioelectricity. If a non-excitable cell (like a fibroblast) cell-membrane is in close physical contact with the membrane of an excitable cell (like a cardiomyocyte) generating relatively large currents, the non-excitable cell-membrane may show measurable passive voltagechanges in the absence of direct electrical connection. This type of ephaptic response is compatible with the slow and small myofibroblast voltagechanges seen in in the Rubart study, which could simply represent charging of their membrane-capacitance. It would be of great interest to be able to selectively uncouple myofibroblasts from cardiomyocytes in an in situ model, and to determine the changes in cardiomyocyte APs and arrhythmogenesis that result. Second, the Rubart study (like the Quinn investigation) examines what may be the 'best case' scenario for myofibroblast-cardiomyocyte coupling, in the border region of a myocardial scar. How these observations apply to other fibrotic conditions, like the ventricular and atrial substrate in the presence of heart failure or other profibrotic conditions; remains to be determined. Nevertheless, these studies are an important step forward in the understanding of cardiomyocyte-fibroblast interaction, and the authors are to be congratulated on successfully completing elegant, innovative and challenging experimental series of great importance to the field.
